T he ability of the cervical spine to bear weight, move in 6 degrees of freedom, 34 and provide passage for vascular and neural structures makes it the most complex articular system in the body. 9 Much like bone in other parts of the spine, the cervical spine is affected by physiological processes such as aging and degeneration. In other parts of the spine, when fractures related to aging occur, the risk of future fractures increases.
vical spine injury from seemingly minor trauma, which usually involves falling from standing height or lower or injury occurring at a relatively low velocity. 13, 25 One of the main factors to which this phenomenon has been attributed is osteoporosis. 2 In terms of absolute frequency, cervical spine fractures are more common in the elderly than in younger adults. Lomoschitz et al. 13 outlined a constellation of factors that have been suggested as being responsible for this observation. 20 These factors include the propensity of the elderly to sustain falls, the increased per-mile risk of motor vehicle crashes in the elderly, and biomechanical attrition due to age-related osteoporosis.
Although formal dual-energy x-ray absorptiometry (DXA) scanning is recommended for all women aged > 65 years and all men aged > 70 years, less than 33% of women and 5% of men undergo screening after fractures caused by a low-velocity mechanism. 15 Despite the fact that sustaining a fracture caused by a low-velocity mechanism suggests an underlying impairment in bone quality, these low proportions are noteworthy.
Recently published data showed that osteoporosis can be diagnosed with CT attenuation using values derived from CT scans of the abdomen ordered for reasons other than the measurement of bone mineral density (BMD). 23 Given the increase in comorbid conditions associated with increasing age, imaging is performed frequently. Each year in the United States, more than 80 million CT scans are acquired, 15 many of which carry potentially useful information about a patient's BMD-information that has not been harnessed until now. Although the authors of studies have commented on localized bone loss after fracture of C-2, 11, 12 no studies have correlated fractures in this or other levels of the cervical spine with the frequency of "objectively" defined osteoporosis based on DXA results. This study was designed to use CT attenuation at L-1 to outline the frequency of osteoporosis in patients who present with acute fractures of the cervical spine and to determine the role of a patient's age in this relationship.
methods
The HealthPartners Institutional Review Board approved this study.
Using case logs, we retrospectively identified patients from our Level I trauma center who had sustained a fracture of the cervical spine and who underwent abdominal CT scaning (or other CT scanning that included a view of the L-1 vertebra) between June 2010 and December 2012. The patients were then stratified according to age (< 65 vs ≥ 65 years). Any patient with a fracture through L-1 was excluded. For each patient with a CT scan of the abdomen (or other CT scan of L-1), we determined whether the scan had been performed in the 6 months before or after the cervical spine fracture, because that is the time frame for which this method was validated. 23 Qualifying CT scans were reviewed, and a region of interest (ROI) was selected over the body of the L-1 vertebra. We ensured that the cortex of the vertebra was not captured in the ROI, because it artificially inflates CT attenuation. For each patient, the maximum, minimum, and mean CT attenuation values (in Hounsfield units [HU] ) over the ROI were recorded (Figs. 1 and 2 ). The CT scanners used for the measurements (GE LightSpeed 12-Speed and GE VCT 64-Slice [GE Healthcare]) were calibrated daily during the period in which the scans were performed.
In addition to measuring the levels of CT attenuation at L-1 in patients with injuries at all levels of the cervical spine combined, we identified a subgroup of patients who were aged ≥ 65 years and had a fracture of the C-2 vertebra. We further stratified this group into those with and those without Type II odontoid fractures, and we measured the CT attenuation at L-1 in each patient in these 2 groups (Fig. 3) .
Previously published threshold values were used in the retrospective diagnosis of osteoporosis. 23 Three thresholds were evaluated: 1) ≤ 110 and > 110 HU, selected to achieve approximately 90% specificity in differentiating osteoporosis from nonosteoporosis; 2) ≤ 135 and > 135 HU, selected for balanced sensitivity and specificity in differentiating between osteoporosis and nonosteoporosis; and 3) ≤ 160 and > 160 HU, selected for 90% sensitivity in differentiating between osteoporosis and nonosteoporosis.
Thresholds were also set in the index publication to differentiate normal bone density from low bone density. 23 They were set for approximately 90% sensitivity, balanced sensitivity and specificity, and approximately 90% specificity at 1) ≤ 135 and > 135 HU, 2) ≤ 160 and > 160 HU, and 3) ≤ 190 and > 190 HU, respectively.
Regressions were generated to obtain coefficients of correlation with the aim of elucidating the ability of CT attenuation to capture age-related declinations in BMD. This regression was done for fractures at the level of C-2, subaxial cervical spine fractures, and all cervical spine fractures combined. These regressions were generated using Microsoft Excel.
The mean HU values for CT attenuation in patients aged ≥ 65 years were compared with those of the younger patients by using a Student t-test (Microsoft Excel). The proportion of patients in each of the threshold groups in which osteoporosis was differentiated from nonosteoporosis in patients aged ≥ 65 years was compared with that of younger patients using the 2-tailed Fisher exact test (http:// research.microsoft.com/en-us/um/redmond/projects/ mscompbio/fisherexacttest/).
results
A total of 152 patients with 226 fractures presented in the time frame of this study. Seventy-five patients were aged 18-64 years and presented with a total of 124 fractures, and 77 patients were aged ≥ 65 years and presented with a total of 102 fractures. A high-velocity mechanism of injury was most common in the younger group, with motor vehicle collisions accounting for the fractures in 46 patients (61%), whereas in the older group, a low-velocity mechanism (fragility fractures) was the most common mechanism by which injury occurred, with 40 patients (52%) falling from standing height or lower.
Of the aforementioned totals, 91 patients with a cervical spine fracture also had the requisite CT scan showing the L-1 vertebra acquired within the specified time frame. It was these 91 patients who were included in the study. Fifty-one of these patients were < 65 years old (mean age 43.2 years), and 40 patients were ≥ 65 years old (mean age 80.9 years). The mean CT attenuation value in the younger cohort was 193.85 HU, whereas the mean CT attenuation value in the older cohort was 117.39 HU. The difference between these groups was statistically significant (p < 0.0001) ( Table 1) .
Using the threshold set for approximately 90% specificity (≤ 110 or > 110 HU), 6 (12%) of 51 patients < 65 years old had osteoporosis, and 13 (33%) of the 40 older patients had osteoporosis. This difference was statistically significant (p = 0.01) ( Table 1) .
Using the threshold set for approximately 90% sensitivity (≤ 160 or > 160 HU), 9 (18%) of the 51 patients < 65 years old had osteoporosis, and 36 (90%) of the 40 patients aged ≥ 65 years had osteoporosis. This difference was statistically significant (p < 0.0001).
The third threshold used for differentiating osteoporosis from nonosteoporosis was set to achieve a balanced sensitivity and specificity. Using this threshold, 9 (18%) of the 51 patients in the younger cohort had osteoporosis, and 26 (65%) of the 40 patients in the older cohort had osteoporosis. Again, this difference was statistically significant (p < 0.0001) ( Table 1) .
Threshold values set to differentiate between normal and low BMD differed from those used to differentiate osteoporosis from nonosteoporosis. For approximately 90% specificity, balanced specificity and sensitivity, and 90% sensitivity, the threshold values were 135, 160, and 190 HU, respectively. Using these values, the cohort of patients < 65 years old seemed to have a CT attenuation that suggested, on average, normal BMD, regardless of which threshold was used. In contrast, the older cohort had abnormally low BMD. This result was accurate to a sensitivity and a specificity of approximately 90%.
A subgroup of the 41 patients aged ≥ 65 years with a C-2 fracture was analyzed further. In this group, 19 patients had a C-2 fracture, the mean age was 84.1 years, and the mean CT attenuation value was 109.8 HU (Table 2) . This attenuation value is marginally lower than the threshold set for 90% specificity for distinguishing osteoporosis from nonosteoporosis. This C-2 fracture subgroup was further subdivided such that only patients with a Type II odontoid fracture (a subgroup of C-2 fractures particularly common in older patients) were included. Eleven patients sustained a Type II odontoid fracture. Although the age threshold was ≥ 65 years, the mean age was actually 86.8 years, and the mean CT attenuation value was 97.2 HU (Table 3) , which is lower than the 110-HU threshold set for 90% specificity in differentiating osteoporosis from nonosteoporosis and lower than the mean observed CT attenuation value in all other groups of patients with a fracture of the cervical spine.
Correlation between age and BMD was good, with r 2 values at the level of C-2 and for subaxial fractures of -0.74 and -0.51, respectively. The r 2 value for the whole cohort combined was -0.62. (Figs. 4-6) . 
discussion
Using CT attenuation, we have shown that a significant proportion of older patients who sustain a fracture of the cervical spine have osteoporosis. Recommendations by the US Surgeon General encourage DXA screening for osteoporosis in older patients. 5 However, the literature indicates that this screening happens infrequently. 16 Therefore, the opportunistic use of CT attenuation in the L-1 vertebra of patients with cervical spine fractures may help identify osteoporosis and enable appropriate management of osteoporosis to potentially reduce the incidence of repeat fractures. In addition, the magnitude of osteoporosis, which is a consideration in deciding the modality of management, can be assessed rapidly by using CT attenuation. The extent of difference in the levels of CT attenuation, when comparing the age-stratified cohorts, quantitatively demonstrates the role of age-related bone loss in acute fractures of the cervical spine, especially at the level of C-2 in older patients. Across all 3 threshold levels (90% sensitivity, 90% specificity, and balanced sensitivity and specificity), the mean value for CT attenuation consistently indicated a nonosteoporotic state in younger patients. Conversely, in older patients, low BMD was pronounced when compared with the thresholds for 90% sensitivity (160 HU) and for balanced sensitivity and specificity. Measuring across various thresholds helped demonstrate the strength of this new technique in elucidating bone density across our study population; in addition, CT attenuation offers a greater degree of sensitivity and specificity than DXA, thereby increasing confidence in the data presented.
Although CT attenuation may share a similarity with quantitative CT (QCT) techniques in that they both use CT to generate images, QCT is a technically more challenging process that requires specialized software that may not always be available outside of academic centers. In addition, in clinical practice, the predictive value of CT attenuation is stronger than that of QCT. CT attenuation provides a relatively quick process for obtaining numeric values for bone density. The clinical availability and applicability of CT attenuation may likely result in greater utility of this approach.
In younger patients, 9 (approximately 18%) of 51 had osteoporosis according to CT attenuation. This finding was unexpected. However, because the patients in this study had sustained a fracture, underlying impaired bone quality may explain the occurrence of such a fracture in a relatively young person. Because osteoporosis can be silent in its early stages, a simple screening method may allow patients with osteoporosis to be identified early, affording them the opportunity to commence prophylactic treatment.
Most cervical spine fractures in older patients occur at the level of C-2, 1, 3, 8, 14, 22, 24, 31, 33 usually in the patient's 8th or 9th decade of life. A subgroup review of the patients in our series suggested that aging plays a strong role in the loss of bone leading to fractures, especially in Type II odontoid fractures (Figs. 1 and 3 ). Although previous research has explored the association of odontoid fractures in elderly patients with osteoporosis, 11, 12, 19, 33 those studies were largely based on a gross examination of CT scans of the axis at the dens-body junction, the odontoid process itself, and the body of the axis. 11, 12, 33 Although those studies provided extremely useful information on a localized process of bone loss, no data objectively correlate these descriptive findings with quantitative overall BMD in the body.
Our study correlates, for the first time, the presence of an age-related Type II odontoid fracture and reduced BMD (that can be correlated to a DXA scan). These fractures were particularly prominent among older patients, because they accounted for half of all C-2 fractures and one-fourth of the cervical spine fractures in our cohort. When compared with the overall cohort of patients aged ≥ 65 years, the reduction in the mean CT attenuation value in those patients with a C-2 fracture was noteworthy. As the age of the patients increased (the mean age of the patients aged ≥ 65 years with a cervical spine fracture was 80.9 years and their mean CT attenuation value was 117.39 HU), the bone density decreased (the patients with a Type II odontoid fracture had a mean age of 86.8 years and a mean CT attenuation value of 97.2 HU). Figures 4-6 show the progressive loss of bone density as correlation coefficients. To our knowledge, no other study has, to date, enumerated the progression on BMD in this specific group of patients. Although osteoporosis is primarily a clinical diagnosis, with a fragility fracture being pathognomonic for its presence, the current technique offers an assessment of the degree of bone loss at a level of granularity that previously was unavailable Because older patients account for an increasing proportion of the population, the frequency with which these injuries occur will increase. 21 The approaches to managing C-2 fractures can be particularly challenging because, given the frailty of many of these patients, there are divergent views on how aggressive the management should be.
Despite advances in guidelines, surgical techniques, and imaging, the optimal approach to the management of elderly patients with a Type II odontoid fracture remains an area of controversy. 28 This is a significant problem, because previous studies have shown a greater level of morbidity and death in older patients. 2, 4, 6, 17, 18, 32 The debate is particularly prominent in regard to older patients with a Type II fracture with limited displacement. In this population, the risk-benefit consideration of a surgical or nonsurgical approach may be more equivocal given the increase in the complexity of these patients' overall medical and comorbidity profile. In elderly patients with a C-2 fracture, the mortality rates have been reported in some series at > 50%. 8, 14, 22, 24 Therefore, elucidating approaches to improving outcomes or informing the discussion of the best management of this group of patients is important. One of the largest series of patients with a Type II odontoid fracture found that, in patients aged 65-74 years, surgical intervention was associated with a reduced mortality rate, although the advantage conferred by surgery in this series became more equivocal as patient age increased. 30 A dichotomy exists between surgical and nonsurgical management of Type II odontoid fractures. Although some experts have documented very good clinical outcomes with the use of halo braces in patients with these fractures, 17, 30 the halo vest was also associated with death and morbidity in several studies, 14, 22, 26, 27, 31, 32 and some authors question the ability of older patients to tolerate these devices. 28 Regardless of the treatment modality, in-hospital mortality rates for patients with a Type II odontoid fracture remain significant at 10% 28 to 25%. 9, 32 The significance of localized osteoporosis in the outcome of surgically stabilized Type II odontoid fractures has been demonstrated, 19, 21 with less robust healing observed in a more osteoporotic cohort; osteoporotic bone was observed to promote the formation of a cone-shaped excavation around the screw shank, which may reduce anchorage of the screw at the densbody junction. 21 Although the current update to the guidelines issued by the Joint Section on Disorders of the Spine and Peripheral Nerves of the American Association of Neurological Surgeons and the Congress of Neurological Surgeons makes no specific mention of osteoporosis, 28, 29 the guidelines issued in 2002 7 referenced an article that identified severe osteoporosis as a contraindication to anterior screw fixation; CT attenuation allows rapid and quantitative characterization of the severity of bone loss.
conclusions
The use of CT attenuation to provide a global assessment of the quality of bone stock, based on L-1 bone density, is now available to virtually every clinician with access to picture-archiving and communication system software. It may be useful in planning the management of patients, regardless of age, who sustain a fracture of the cervical spine to improve patient outcomes.
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